protein trafficking in eukaryotic cells. In mammalian Mammalian geranylgeranyltransferase type II cells more than 40 Rabs have been cloned and this (GGTase-II) is a 100-kDa heterodimer that catalyzes the number is increasing (1, 2). Individual Rab proteins transfer of two 20-carbon geranylgeranyl groups from have been implicated as essential mediators of vesicle geranylgeranyl pyrophosphate onto C-terminal cys-targeting and fusion events (3, 4). For their function, teine residues of Rab GTPases. This modification is Rab proteins require modification by geranylgeranyl essential for the biological activity of Rab proteins. isoprenoids which allows them to reversibly associate Geranylgeranylation can be performed in vitro using with membrane in a tightly controlled fashion. Covalent recombinant GGTase-II but so far large-scale produc-attachment of geranylgeranyl groups to two C-terminal tion of the enzyme was challenging. We report here the cysteines is catalyzed by geranylgeranyltransferase design of a two plasmid expression system that will type II (GGTase-II). GGTase-II is a heterodimer comproduce GGTase-II at levels as high as 15 mg/L in Esche-posed of tightly associated 68-kDa ␣ and 45-kDa ␤ subrichia coli. The protein was produced as a heterodimer units and belongs to the family of protein prenyltransfwith the ␣ subunit bearing a cleavable tandem 6His-erases together with farnesyl transferase (FTase) and glutathione S-transferase (GST) tag that was used for geranylgeranyl transferase I (GGTase-I) (for review 5).
the membrane fraction of insect cells infected with ba-PCR was performed in standard conditions using 1 culovirus bearing a Rab gene (7, 8) . Both of these proce-ng of the original pGAT plasmid as template. The PCR dures are inefficient and laborious. Alternatively, re-product was gel purified and blunt-end ligated, and the combinant GGTase-II can be used to prenylate E. coli-integrity of the plasmid was verified by DNA sequencexpressed Rab proteins in vitro. This approach was em-ing. In the next step a cloning cassette was created by ployed to provide prenylated Rab proteins for in vitro annealing the following oligonucleotides: 5Ј-CATGGC studies of vesicular fusion (9, 10) . Therefore, in vitro TGATGAGAATCTTTATTTTCAGGGCCATTGCAGC Rab prenylation is of significant interest for a large CCAAGCTTATCCCGGGAG-3Ј and 5Ј-AATTCTCCCG number of research groups and its use has been ham-GGATAAGCTTGGGCTGCAATGGCCCTGAAAATAA pered by the lack of a sufficiently easy and efficient AGATTCTCATCAGC-3Ј. The resulting duplex was lisource of the enzyme. Moreover, the inhibitors of prenyl gated into the modified pGAT vector precut with NcoI transferase such as FTase and GGTase-I are currently and EcoRI restriction enzymes. The resulting vector among the most promising drug candidates intended was designated pGATEV and its integrity was confor anticancer and antikinetoplastid therapy (11, 12) . firmed by DNA sequencing. Availability of recombinant GGTase-II is critically im-
The pGATEV-GGTase ␣ subunit (pGATEV-␣) and portant for characterization of the specificity of such pET 30 GGTase ␣ subunit (pET 30 ␣) were constructed compounds.
by PCR, amplifying the coding sequence of GGTase-II GGTase-II has been successfully produced in a bacu-␣ subunit with specific primers containing NdeI and loviral expression system. However, in the baculovirus EcoRI restriction sites. The sequence of primers was system, expression of each subunit is achieved sepa-as follows (shown 5Ј to 3Ј with restriction sites underrately and is subject to variation in viral efficiency. lined):
ATGAGGGAATTCTCACTAGGTGAGGATGMoreover, the baculoviral expression system puts prac-CTGCTGAC and TGAGCCGAACATATGCATGGGCGtical limitations on the generation of mutants of the en-CCTGAAGG. The PCR product was gel purified, zyme.
digested with NdeI and EcoRI restriction enzymes, and We report here the development of an expression sys-ligated into the pGATEV and pET30 vectors precut with tem for GGTase-II that achieves high levels of protein the same enzymes. The integrity of the reading frame expression and facilitates the purification of the en-and the coding sequence was determined by nucleotide zyme. Moreover, using the tagged enzyme we estab-sequencing. The pGATEV-GGTase ␤ and pET30-lished an in vitro prenylation procedure that yields pre-GGTase ␤ were constructed by PCR amplification of parative amounts of prenylated Rab:REP complex free the coding sequence of ␤ subunit of GGTase-II with of GGTase-II. specific primers containing NdeI and SalI restriction sites. The sequence of primers was as follows (shown 5Ј to 3Ј with restriction sites underlined): GCACGAG-
MATERIALS AND METHODS
CATATGGGCACACAGCAGAAGG and AAGGCTCTTMaterials. The plasmid vector pET 30a was from GTCGACTTACTAGCTCACTAGTTCAGGCTG. The Novagen. The vector pGAT was a derivative of pHAT PCR products were subcloned into pET 30 and pGATEV (13) and was provided by M. Hyvonen (University of precut with NdeI and XhoI enzymes. Cambridge) (Hyvonen, unpublished). Genes for ␣ and Conditions for overexpression of GGTase-II. Pair-␤ subunits were amplified from rat gene using the bacuwise combinations of pGATEV␣ and pET30␤ or pGAloviral expression vectors pVL-RabGGT␣ and pVL-TEV␤ and pET30␣ were transformed into competent RabGGT␤ as templates (American Type Culture Collec-E. coli BL21(DE3) or BL21(DE3) Codon Plus RIL cells tion Accession Nos. 87154 and 87155, respectively). and transformants were selected on LB/ampicillin (125 PCR reactions were performed with Expand polymerase from Roche Molecular and deoxynucleotides from g/mL) and kanamycin (35 g/mL) and, in case of Promega. Expression was achieved in Escherichia coli BL21(DE3) Codon Plus RIL cells, chloramphenicol (25 strain BL21(DE3) (Novagen) or BL21(DE3) Codon Plus g/mL) agar plates. Single colonies were picked and RIL (Stratagene). Synthetic oligonucleotides were ob-grown in 1 mL of LB/ampicillin (125 g/mL) and kanatained from MWG-Biotech (Germany).
mycin (35 g/mL) for 10 h at 37ЊC and in the case of Codon Plus cells chloramphenicol (25 g/mL). After this Construction of expression plasmids. The thrombin time cells were pelleted by centrifugation and introrecognition site of pGAT was replaced with a TEV duced into fresh medium containing the same amount protease recognition site and the multicloning site was of antibiotic. High-level expression of GGTase-II gene modified by a two step procedure. First a PCR reaction was induced by the addition of isopropyl ␤-D-thiogalacwas performed with two outwardly pointing primers:
topyranoside (IPTG). To determine the optimal condi-5Ј-TCCCGGGAGAATTCGTCGACCTCGAGGGATCC tions for overproduction, the cellular OD at induction, GGGC-3Ј and 5Ј-CTCATCAGCCATGGATACCCATC GATTAGTTGGAGGACCACCAAACGT-5Ј.
induction temperature and induction time were altered.
To test the optimal induction temperature, expression from the Ni-NTA column was diluted 10-fold with water and loaded onto a 10-ml Poros HQ50 column equilitrials were performed at 17, 20, 25, 30, and 37ЊC. The brated with 5 mM Na 2 HPO 4 , 50 mM NaCl, and 2 mM different IPTG concentrations were tested at 20ЊC for BME. The column was developed with a 50-300 mM 4 h. The tested concentrations of IPTG were 1 mM, 500 linear gradient of NaCl in 25 column volumes. Fractions M, 250 M, 125 M, and 50 M. To test the expression containing pure GST-GGTase-II were collected; dialevel and solubility of the recombinant protein, cells lyzed against 25 mM Hepes, pH 7.2, 25 mM NaCl, and from 1 mL culture were pelleted and resuspended in 1 5 mM DTT; concentrated to ca. 10 mg/ml; and stored mL of PBS buffer containing 2 mM dithiothreitol (DTT) in multiple aliquots at Ϫ80ЊC. and 1 mM phenylmethylsulfonyl fluoride (PMSF) and disrupted by sonication. Upon separation from the suCharacterization of the purified GGTase-II from E. pernatant, the pellet was resuspended in 1 mL of the coli. GGTase-II activity was determined by measuring same buffer. Aliquots of the cell suspension, pellet, and the transfer of the 3 H-labeled prenyl groups from supernatant were resolved on a 15% SDS-PAGE gel [ 3 H]geranylgeranyl pyrophosphate (American Radiolaand the distribution and amounts of the recombinant beled Chemicals) to Rab proteins expressed in E. coli, as protein were determined by scanning densitometry us-described previously (15) . Briefly, the standard reaction ing known amounts of BSA as standards.
mixture contained the following components in a final volume of 50 l: 50 mM sodium Hepes (pH 7.2), 5 mM GGTase-II production and purification. To obtain and purification of E. coli-expressed Rab7, baculovirus-L medium per flask. The cultures were induced when expressed GGTase-II, and REP-1 were described elsethe OD 600 was close to 0.9 and then incubated at 20ЊC where (14). After 20 min, the reaction was quenched for 12 h. After cell growth, cells were pelleted (5000g, by addition of 2 ml 10% HCl in 90% ethanol (v/v). The 15 min at 4ЊC), resuspended in lysis buffer (50 mM solution was incubated for 30 min at room temperature Na 2 HPO 4 , pH 8.0, 0.3 M NaCl, and 2 mM ␤-mercaptoand was subsequently filtered through glass fiber filters ethanol (BME), 1 mM PMSF), and lysed by passing two (Whatman). The filters were washed twice with 96% times through a Fluidizer (Microfluidics). The resulting ethanol, immersed in scintillation liquid, and counted homogenate was clarified by centrifugation (30,000g, 1 for 3 H. For measuring GGTase-II activity in crude E. h at 4ЊC) and filtered through a 0.45-m nitrocellulose coli lysates, the incubation time was shortened to 5 filter (Schleicher & Schuell). The filtrate was loaded min to decrease phosphatase-mediated degradation of onto a 5 ml Hi-Trap Ni Sepharose column (Pharmacia) geranylgeranyl pyrophosphate (GGpp). preequilibrated with the lysis buffer. The column was washed extensively with lysis buffer containing 5 mM
In vitro prenylation and purification of doubly prenyimidazole and the bound protein was eluted with a lated Rab7:REP-1 complex. Protein complex formalinear 5 to 200 mM imidazole gradient in 30 column tion and in vitro prenylation was performed in 40 mM volumes. Eluates were analyzed by SDS-PAGE fol-Hepes, pH 7.2, 150 mM NaCl, 5 mM DTE, 3 mM MgCl 2 , lowed by Coomassie blue staining. Fractions containing and 0.3% Chaps. Typically, a 3-ml mixture contained GGTase-II were pooled and TEV protease (expression 0.2 mol REP-1, 0.22 mol Rab7, 0.2 mol GSTand purification described in 14) was added at a 1:40 GGTase-II, and 2 M GGpp. The sample was mixed, molar ratio and the sample was dialyzed against 25 incubated at 37ЊC for 3 min, diluted to 6 ml with the mM Na 2 HPO 4 , pH 8.0, 1 mM EDTA, and 2 mM BME same buffer containing 5% Chaps, and 3 ml of glutathifor 12 h at 4ЊC. The progression of the cleavage reaction one-Sepharose (Pharmacia) were added. The sample was determined by SDS-PAGE and, typically, at the was incubated at 4ЊC for 1 h on a rotation wheel. After end of the incubation over 90% of protein was cleaved. that, the supernatant containing Rab7:REP-1 complex In order to remove the polyhistidine tags, uncleaved was separated from the beads and the sample was cenprotein, TEV protease, and impurities, MgCl 2 was trifuged in a bench-top centrifuge for 5 min at 4ЊC and added to the sample to 2 mM, imidazole to 25 mM, loaded onto a 26/60 Superdex 200 gel filtration column and the protein was passed twice over a 5 ml Hi-Trap equilibrated with 50 mM Hepes, pH 7.2, 50 mM NaCl, Ni-NTA column. The flowthrough of the column, con-2 mM MgCl 2 , 5 mM DTE, 100 M GDP buffer. The flow taining GGTase-II, was dialyzed against 25 mM Hepes, rate was 2 ml/min and fractions of 4 ml were collected pH 7.2, 25 mM NaCl, and 5mM DTT, concentrated using and analyzed by SDS-PAGE followed by Coomassie Centripreps 30 (Amicon), and stored in multiple ali-staining. Fractions containing the binary Rab quots at Ϫ80ЊC. For purification of the enzyme with 7GG:REP-1 complex were pooled, concentrated to ca.
10 mg/ml, and stored in multiple aliquots at Ϫ80ЊC. intact glutathione S-transferase (GST) tag, the eluate 
an Aminco SLM 8100 spectrophotome-thacus software). ter (Aminco). All reactions were followed at 25ЊC in 25
Mass spectrometry. MALDI-TOF measurements mM Hepes, pH 7.2, 40 mM NaCl, 2 mM MgCl 2 and 2
were carried out in a Perkin-Elmer Voyager-de pro stamM DTE in a volume of 1 ml. To estimate the affinity tion with the instrument set in positive ion mode. Samof the recombinant enzyme for phosphoisoprenoids a ples were desalted by gel filtration on the Centriflex 150 nM solution of N-methylanthraniloyl farnesyl dicartridges (EdgeBioSystems) equilibrated with disphosphate (a fluorescent analog of GGpp) (16) was titrated with recombinant GGTase-II (17) . The excitation tilled water. For measurements, the protein sample was pression levels with a simple and efficient way of purificleavage cation. We chose a combination of pGATEV and pET30 vectors that allows coexpression of two genes to be driven by a strong T7 polymerase. Moreover, genes ex-protease that recognizes a 6-amino-acid sequence is pressed in pGATEV contain tandemly arranged polyhi-highly specific and large quantities of it can be easily stidine and GST tags separated form the gene of inter-produced in E. coli (14) . Moreover, such combination of est by the recognition site for TEV protease. TEV tags offers two alternative ways for the affinity purification of the recombinant protein. The affinity tag can later be cleaved and separated together with the protease, by a one-step procedure.
Since no structural information on GGTase-II was available at the time of the initial investigation, the decision as to where to place the affinity tags was largely arbitrary. Therefore, we generated four constructs two of which had ␣ or ␤ subunit genes cloned in frame with the GST tag of the pGATEV expression vector and two contained ␣ or ␤ subunit genes cloned without tags into the pET30 expression vector (Fig. 1) .
Overproduction of GGTase-II in E. coli BL21(DE3) cells containing the double vector expression system.
Cotransformation of an ␣/␤-containing vector pair into BL21(DE3) cells resulted in double resistant colonies that were grown on medium containing both ampicillin and kanamycin. Protein production was induced by the addition of IPTG and after 4 h of incubation, cells were analyzed by SDS-PAGE. Figure 2 shows that in the mg GGTase-II/one-cell culture, 7% of total soluble protein) (Alexandrov unpublished) (15) .
Purification of recombinant rat GGTase-II. The procedure for purifying GGTase-II from 10 L of E. coli BL21(DE3) Codon RIL cells, grown as described above, is shown in Table 1 . Data presented relate to the pGATEV␣/pET30␤ vector combination. The pGATEV␤/ pET30␣ gave about 30% lower yields. Significant purification of 50-fold with a yield of Ն 60% was achieved on the Ni-agarose column (Fig. 2) . The GGTase-II remaining in the lysate was unable to bind to Ni-NTA, probably due to degradation of the histidine tag. The losses associated with this purification step could be avoided by using glutathione-Sepharose chromatography instead of Ni-NTA. Cleavage of the 6His-GST tag was achieved by incubating the recombinant protein with TEV protease. The efficiency of cleavage was over GGTase-II include rat GGTase-II in SF9 cells (ϳ15-20 90%, as can be seen in Fig. 2 . Finally, GGTase-II was buffer. The GST-GGTase-II was extracted from the reaction mixture by incubating it with glutathioneseparated from TEV protease, cleaved 6His-GST tag and minor impurities by a second round of chromatogra-Sepharose beads. The separation was highly efficient and more than 80% of GST-GGTase-II was retained phy on the Ni-NTA column. The resulting protein was over 85% pure, as judged by Coomassie blue staining. on the beads (Fig. 5B) . In order to remove remaining GST-GGTase and detergent, the supernatant was reFor structural studies the protein was further purified by gel filtration chromatography on a Superdex 200 solved on a preparative Superdex 200 column. As can be seen in Fig. 5D , Rab7:REP-1 eluted with a molecular column (Fig. 2b) .
mass of around 150 kDa and was clearly separated Properties of recombinant GGTase-II purified from E.
from the minor peak of the ternary complex. The peak coli cells. In order to confirm that the recombinant migrating with an apparent molecular weight of over GGTase-II purified from E. coli has properties identical 1000 kDa most probably represents protein aggregates. to the GGTase-II purified from SF21 cells, its specific
Fractions containing the prenylated Rab7GG:REP-1 activity and affinity for GGpp was measured. We percomplex were pooled and concentrated. The molecular formed a prenylation assay as described under Materiweight was determined by MALDI-TOF mass spectromals and Methods. Figure 3 shows the result of a prenylaetry. The observed molecular weight of 23,954 Da tion assay where the reactions were supplemented with matched closely with the calculated mass of doubly gersoluble GGTase-II of different origin or with GSTanylgeranylated Rab7 (23,936Da) (Fig. 5C ). Using this tagged enzyme attached to the glutathione beads. This approach, we were able to obtain 10 mg of pure prenyexperiment demonstrates that the activity of recombilated Rab7:REP-1 complex. nant GGTase-II from E. coli is somewhat higher than that of the enzyme purified from insect cells. It also appears that the enzyme is able to catalyze the prenyla-CONCLUSION tion reaction while being attached to the glutathione The large quantities of GGTase-II that can be obbeads. It appears, however, that the GST-␣/␤ dimer is tained from these E. coli expression systems provide a notably more active than the GST-␤/␣ dimer (Fig. 3) .
useful source for biochemical and structural studies. In order to analyze the interaction of the E. coliMoreover, the GST-tagged enzyme could be used for derived GGTase-II with its lipid substrate, we used Nthe production of preparative amounts of prenylated methylanthraniloyl farnesyl diphosphate (Fpp), a fluoRab:REP complex not contaminated with GGTase-II. rescent analog of GGpp that was shown to change its fluorescence upon interaction with GGTase-II (16). Ad-ACKNOWLEDGMENTS dition of excess GGTase-II to a solution of mFpp reWe thank Roger S. Goody for stimulating scientific discussions.
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E. coli was determined to be 20 nM, which is close to previously reported values (45 nM) (17) (Fig. 4B) . These
